The lifetime of nicotinic acetylcholine receptors (AChRs) in neuromuscular junctions (NMJs) is increased from <1 day to >1 week during early postnatal development. However, the exact timing of AChR stabilization is not known and its correlation to the concurrent embryonic to adult AChR channel conversion, NMJ remodeling, and neuromuscular diseases is unclear. Using a novel time-lapse in vivo imaging technology we show that replacement of the entire receptor population of an individual NMJ occurs endplate-specific within hours. This makes it possible to follow directly in live animals changing stabilities of endplate receptors. In three different, genetically modified mouse models we demonstrate that the metabolic half-life values of synaptic AChRs increase from a few hours to several days after postnatal day 6. Developmental stabilization is independent of receptor subtype and apparently regulated by an intrinsic muscle-specific maturation program. Myosin Va, a F-actin-dependent motor protein, is also accumulated synaptically during postnatal development and thus could mediate the stabilization of endplate AChR.
The lifetime of nicotinic acetylcholine receptors (AChRs) in neuromuscular junctions (NMJs) is increased from <1 day to >1 week during early postnatal development. However, the exact timing of AChR stabilization is not known and its correlation to the concurrent embryonic to adult AChR channel conversion, NMJ remodeling, and neuromuscular diseases is unclear. Using a novel time-lapse in vivo imaging technology we show that replacement of the entire receptor population of an individual NMJ occurs endplate-specific within hours. This makes it possible to follow directly in live animals changing stabilities of endplate receptors. In three different, genetically modified mouse models we demonstrate that the metabolic half-life values of synaptic AChRs increase from a few hours to several days after postnatal day 6. Developmental stabilization is independent of receptor subtype and apparently regulated by an intrinsic muscle-specific maturation program. Myosin Va, a F-actin-dependent motor protein, is also accumulated synaptically during postnatal development and thus could mediate the stabilization of endplate AChR.
In developing and adult muscle, acetylcholine receptors (AChRs) at the neuromuscular junction (NMJ) undergo dramatic changes in their metabolic stability. In newly formed synapses AChRs become clustered and stabilized at a relatively rapid turnover rate of t½ ≈ 1 day (1). The initial clustering requires the musclespecific kinase MuSK (2) , associated signaling components (3) , as well as the receptor aggregating protein, rapsyn (4) . Rapsyn, which directly interacts with AChR (5) contributes to receptor stability (6) .
In the adult synapses the AChRs turnover is rather slow (t½ ≈ 10 days) (1, (7) (8) (9) (10) . Recent investigation of AChR has revealed that stabilization is not a static integration process, but results from AChR recycling that is regulated by muscle activity (11) . There are indications that the actin cytoskeleton is involved in regulating synaptic targeting and stabilization of AChRs. Lately, class V myosin motor proteins have been identified to play important roles in synaptic plasticity. While myosin Va (12) or myosin Vb (13) seem to be crucial for recycling of AMPA receptors of central synapses, proper turnover of AChR in adult neuromuscular synapses is dependent on myosin Va (14) . The mechanism that localizes and stabilizes the AChRs within a postsynaptic scaffold and the operational and organizational sequence of postnatal stabilization processes including the developmentally occurring AChR channel conversion, however, remains unknown.
The temporal resolution of AChR stabilization as well as the direct observation of the rapid dynamics of channel conversion during early postnatal development has not been accomplished and appeared inaccessible. In the current study we implemented in vivo time-lapse imaging techniques for direct, continuous visualization of surface AChR trafficking in vivo. This way we narrowed down the analysis time frame to the period between postnatal days 3 and 8 in mice, when major remodeling and maturation processes of the NMJs are initiated. We track AChR channel conversion at real time resolution and we observe directly AChR stabilization events at single NMJs. The determination of the metabolic stability of endplate receptors is crucial for the understanding of the regulation of AChR turnover and activity-dependent plasticity of NMJs. Furthermore, in neuromuscular diseases including myasthenic or dystrophic disorders pathological changes could affect AChR stability. The direct visualization of receptor stability will be an important tool to investigate motor function deficits or genetic disorders. with rhodamine-labeled α-bungarotoxin (r-bgt, at 2 µg/ml in Ringer solution) (Molecular Probes, Leiden, The Netherlands). The solution was pipetted on the exposed muscle surface, incubated for 5 minutes and washed off with Ringer solution to avoid complete saturation and therefore possible inactivation of receptors. In toxin saturation experiments the muscle was incubated for 1 h with a concentrated toxin solution (r-bgt, at 5 µg/ml in Ringer solution).
Experimental Procedures
The anesthetized animal was then kept warm on a heated surface for the entire duration of the experiment, and the leg was attached to a metal bar of an adjustable, custom-made steel contraption to minimize body movement due to cardiac and respiratory activity. The exposed stained muscle surface was pressed against a coverslip (12 mm ∅, Assistant, Germany), which was fixed underneath an immersion chamber and overcastted with water for microscopy procedures. The endplate area stained with r-bgt in the first image of the time series was considered to be the total surface (100% area) of the endplate occupied by AChRs. Fluorescence areas of r-bgt and γ -GFP signals were calculated individually at all time points for 6-8 en face endplates in 3 animals (n≥14 endplates).
First, area analysis method overcomes the drawbacks of inconsistent signal intensities, which arise due to preparation-specific fluctuations of fluorescence, when imaging structures in deep tissue layers. Second, we proved previously the validity of the area analysis approach for quantification of AChR dynamics, by showing that newly synthesized AChR incorporated into the endplate's surface in a unidirectional fashion, proceeding from the periphery to the center (15, 29 For staining, sections were moistened with PBS and permeabilized with 0.1% Triton X-100 for 10 min. After washing with PBS, slices were blocked with 10% FBS/PBS for 20 min. Then, slices were incubated with polyclonal LF-18 anti-myosin Va (Sigma) antibody over night at 4°C. After washing they were co-incubated with AlexaFluor 488 labeled anti-rabbit antibody and AlexaFluor 647 labeled α-bungarotoxin (both Invitrogen) for 2 h at room temperature. Slices were then washed with 10% FBS/PBS, PBS and H 2 O, and embedded in Mowiol (Calbiochem).
Confocal images were acquired with a DMRE TCS SP2 confocal microscope equipped with Confocal Software 2.61, a KrAr laser (488 nm), a HeNe laser (633 nm) and a HCX PL APO CS 63x/1.2 W CORP water objective (all Leica Microsystems). AF488 and AF647 fluorescence signals were excited at 488 nm and 633 nm, respectively. Emission was detected from 495-535 nm (AF488) and from 650-750 nm (AF647). Images were taken at 8-bit, 1024 pixels with two times line average.
Image analysis employed ImageJ program. First, NMJs were segmented by thresholding AF647 signals . Then, for each detected NMJ the corresponding fiber was segmented, sparing the NMJ area. Subsequently, myosin Va mean signal intensity and standard deviation values were determined in the NMJ and fiber segments. NMJs were counted as myosin Vapositive, if the mean signal intensity in the NMJ segment was higher than the fiber background plus twice the signal standard deviation in the fiber background.
RESULTS

Time lapse in vivo imaging at early postnatal stages.
Our aim is to resolve in vivo changes in AChR stability and changes of receptor composition in individual NMJs. We have chosen the tibialis anterior muscle, since the fibers at the surface of this muscle are easily accessible to microscopic in vivo inspection. One established method is to follow changes in fluorescence intensities of rhodamine-α-bungarotoxin (r-bgt)-stained endplate receptors (11) . The AChR labeled with non-saturating concentrations of r-bgt (50 nM/5 min) blocks neurotransmission only partially without affecting the turnover of the receptors. The decrease in fluorescence intensities observed over time has been used to determine AChR stability at endplates (t 1/2 ≈ 13 days). A one-time blockade (0.25 µM/30 min) on the other hand causes an immediate loss of AChRs reducing the stability to t 1/2 < 1 day. This low stability has not only been observed for pharmacologically blocked but also for extrasynaptic AChRs (1). With increasing time after blockade, however, the rate of AChR loss decreases again (1) .
Until now there have been no in vivo measurements on early postnatal endplate AChR and it is not known how and at what time during postnatal development they acquire their high metabolic stability. Here we overcome the technical difficulties of neonatal imaging by implementation of a newly developed setup for analyzing endplate AChR of the tibialis muscle (Fig. 1A,B) . Using a spinning disc microscope for fluorescence measurements it is possible to minimize distortions caused by breathing and heart beat due to the high sensitivity and highspeed imaging. We acquire continuous series of microscopic images of groups of 15-20 neighboring endplates in 90 minutes intervals for 6 hours after the initial pulse-labeling with r-bgt (see Experimental Procedures).
Since quantification of fluorescence intensity requires corrections for variable laser intensities and may vary during experiments we decided to quantify endplate areas, instead. This is based on our observation that new receptors are added to the endplates from the periphery (15) . So, after the initial labeling, new non-fluorescent AChR are inserted and the area of fluorescent receptors will decrease as a consequence of AChR loss. In Fig. 1 C,E we analyze in vivo endplates of an adult mouse after labeling AChR one time with by guest on May 1, 2016 http://www.jbc.org/ Downloaded from saturating r-bgt concentrations. Changes in AChR levels are followed by quantifying the fluorescence intensity or by evaluating the endplate area over a period of 6 hours (see Experimental Procedures). As described by Akaaboune et al. (1999) we observe initially a fast decrease of fluorescence, which becomes slower with continued observation, and decreases overall to 84.8±4.3%. A similar decrease to 81.9±2.8% is seen when measuring endplate areas. Thus, both fluorescence intensity as well as endplate area can serve as valid parameters to quantify the time-dependent loss of endplate receptors.
Neuromuscular blockade might affect AChRs at early postnatal stages different than adult AChRs due to their different metabolic stabilization. In Fig. 1 D,F we analyzed endplates in postnatal day 6 old muscle. Employing again one time saturating r-bgt concentrations we see over the 6 hour observation time a decrease in endplate AChRs to 64.0±2.0%, which is significantly lower than observed in adult muscle. In contrast to adult muscle, there is consistent rapid loss of AChR over the period of analysis indicating that most receptors have a fast turnover rate that is not further increased by toxin blockade.
Next, using non-saturating r-bgt concentrations for endplate staining, we measured the apparent metabolic stability of the AChRs during postnatal development to determine the time point of transition from fast to slow AChR turnover. At present it is unclear whether there is a correlation of AChR stabilization and the concurrent embryonic to adult AChR channel conversion. In the AChR γ -GFP/ γ -GFP mouse line we showed that the overall AChR channel conversion is largely completed by postnatal day 6, which is earlier than in wild type (15) (see below). This gives us the possibility to temporally separate channel conversion from receptor stabilization by comparing the stabilization process in mutant and wild type mice. We therefore measured AChR stability in dependence of postnatal development in this mouse line.
Endplate receptor stability. We follow for 6 hours in vivo the loss of AChRs from endplates after labeling with one-time non-saturating concentrations of r-bgt. At each endplate the initial r-bgt labeled area is taken as 100% of the endplate area, and changes are recorded continuously over the observation period.
The analysis of the metabolic stabilities of endplate AChRs at developmental stages P3 through P8 in AChR γ -GFP/ γ -GFP animals is shown in Fig. 2A . After 6 hours of observation the mean rbgt-stained endplate area is reduced to 55.4±5.4% (n=21) of the initially stained area on P3 and to 68.6±5.7% (n=23) in the endplates at P4. These depletion rates of the endplate receptor population correspond to metabolic half-life times of t½ = 7.1 h and t½ = 10.5 h for total endplate receptor content in 3 and 4 days old animals, respectively.
The detectable fluorescence of the initially labeled r-bgt receptor area after 6 hours is reduced to 72.3±3.8% (n=23) in P5 and to 81.5±2.7% (n=19) in P6 animals. This corresponds to a net metabolic stability of t 1/2 =10.3 and 15.1 hours on P5 and P6, respectively. Virtually no change is measured in the analysis of the r-bgt-stained endplate areas of P7 and P8 endplates remaining at 90.8±3.0% (n=14) and 97.4±2.4% (n=14), respectively, after 6 hours. Therefore, after day P8, estimation of receptor metabolism over 6 hours is difficult due to the increasing stability of endplate AChRs population around this age. Further experiments on postnatal days P10 and P23 show that this stabilization becomes permanent (data not shown), and no change in r-bgt labeled endplate receptor population can be measured during a 6 hours imaging session after the initial AChRs staining.
Comparison (Fig. 2B) . Given the premature overall channel conversion around P4 in AChR γ -GFP/ γ -GFP animals, this analysis indicates that the time point of the γ-to-ε switch and receptor depletion properties of the endplate are not correlated. To further corroborate the finding that the γ-to-ε switch is not crucial for AChR stabilization and to investigate whether the ε subunit plays any role in this process, we next analyzed AChRε -/-mice that express exclusively the embryonic AChRγ throughout life (17) . Notably, stained endplate AChR content in P30 animals declines merely to 92.7±3.9% of the initial r-bgt stained area after 6 hours, displaying a high degree of stability in the absence of adult AChRε (Fig. 2C) .
Asynchronous receptor internalization in individual muscle fibers. Using the same quantification method we assess all analyzed endplates for differences in the loss of r-bgt labeled AChRs over the entire observation period. P3 endplates (Fig. 3A -E, labeled with arrows) display rather heterogeneous AChR stabilities with an averaged half-life of t 1/2 =7.1 hours. Nearest neighbor index (R n ) of 0.8<R n <1.1 for the assessed time points suggest a fairly random distribution of the t 1/2 values among different endplates. The heterogeneity, however, is not correlated with the AChR composition of individual endplates because we find, on one side, endplates having comparable AChRγ -GFP contents with significantly different loss of endplate AChRs as well as vastly different AChRγ -GFP contents with similar loss of endplate AChRs (not shown). With progressing age the average AChR stability increases to t 1/2 =15.1 hours at P6 with small, but significant amounts of AChR having a half-life of several days already (Fig. 3F) . The first stabilized endplates (t 1/2 ≥10 days) appear on P7 as reflected by the wide distribution of AChR half-lifes among the individual endplates at this stage (Fig.  3F) . At P8 and older, AChR turnover becomes consistently slow for all endplates (Fig. 3F) .
These findings show that AChR stabilization occurs asynchronously among neighboring muscle fibers and proceeds independently in the individual endplates within hours. It is of interest to note that stabilization increases dramatically from hours to days between P6 and P8.
Postnatal enrichment of myosin Va in the NMJ region. We have recently shown a principal role of myosin Va for the maintenance of the NMJ and for the proper turnover of AChR in adult endplates (14) . Therefore, we investigated if myosin Va could be a molecular factor participating in the stabilization pathway in the early postnatal period. First, we analyzed the expression pattern of myosin Va in hindlimb muscles at different ages, from P1 to adult. Myosin Va and AChR are labeled with LF-18 antibody and bgt-AF647, respectively (see Experimental Procedures). Confocal image analysis in gastrocnemius muscles from wild type mice shows a clear, age-dependent enrichment of myosin Va at the NMJ (Fig. 4A) . On P1 myosin Va immunofluorescence signals are detected throughout the fibers, but are hardly stronger at the NMJ site. On P7, myosin Va is still spread all over the fiber, but also starts to accumulate at the synaptic site. From P16 onwards, most fibers exhibit very strong accumulation of myosin Va at the NMJ of wild type animals, and close to zero signal in the central portions of the fibers. This is well reflected by quantitative analysis showing less than 10% of myosin Va-positive NMJs at P1 and more than 80% in adult animals (Fig. 4B) . With progressing age of the animal the difference in myosin Va staining intensity in the NMJ region versus the rest of the fiber continuously increased (Fig. 4C) . Very similar results were also obtained for other muscles, like tibialis anterior and triceps brachii (not shown). This shows that myosin Va enriches in the NMJ region in parallel to the occurrence of early postnatal AChR stabilization, suggesting a role of the motor protein in this process.
Lack of metabolic receptor stabilization in myosin Va deficient mice. Next we examined the metabolic stabilization of AChR in the early postnatal phase of dilute-lethal mice, which lack functional myosin Va due to a naturally occurring spontaneous mutation of the dilute locus (26) . Homozygous animals used for this set of experiments were phenotyped by typical characteristics, namely silvery fur color and seizures. Performing the in vivo r-bgt pulse-label imaging approach revealed that metabolic stabilization of AChR was almost completely missing in all dilute specimens (Fig. 4D) . The mean decline of the initial r-bgt stained endplate area in dilute animals on P8, P10 and P14 was 65.6±1.4% after 6 hours. This value was very similar to P4 in wild type or AChR γ -GFP/ γ -GFP endplates, and differed significantly from the previously obtained value of 95.1±2.0% for P8 AChR γ -GFP/ γ -GFP animals. Thus, the level of net receptor stability corresponded to a mean metabolic half-life of t ½ = 9.9 h for endplate receptors of the dilute animals. Notably, the rate of r-bgt labeled endplate receptor area loss did not vary significantly among the analyzed NMJs 
DISCUSSION
It has been long known that AChR metabolic stability is significantly increased in mature synapses (1) . The onset of this stabilization causing an apparent loss of plasticity, however, is still poorly understood. Here we analyze for the first time the stability of endplate receptors in genetically different mouse lines using a highspeed image acquisition to resolve in vivo trafficking of AChRs to the postsynaptic membrane of the developing NMJ.
Existing in vivo microscopy methods employ a series of distinct short imaging sessions with repetitious cycles of anesthesia and surgery (18) . Apart from the inaccessibility of neonatal stages before P7, great stress to the animal and formation of inflammatory scar tissue, it is also unwieldy to identify the same region of interest in every re-imaging session. Here we introduce a new method, which allows one to obtain continuous time-lapse in vivo images from a selected region of easy accessible leg muscles. This approach could be also used for any other muscle or tissue. The animals' condition remains stable over a period of at least 8 hours after a single injection of anesthetics, a time that might be even extended, if necessary. This method is especially attractive for rapid time-lapse visualization of developmentally relevant processes in early neonatal stages.
Our setup allows one to capture series of consecutive high-resolution microscopic images of a large tissue area over a period of several hours in a living, anesthetized animal. Image stacks are recorded by a highly sensitive cooled EMCCD camera, which is attached to a spinning disk confocal microscope, and features short frame integration times and whole image acquisition at low laser excitation intensities. Compared to normal confocal microscopy artefacts due to photodamaging can be minimized. In addition, the tissue is fixated tightly to the rigid contraption structure, and does not require user interaction after the initial preparation. These properties of the experimental configuration significantly reduce imaging artifacts resulting from tissue movement within a single image or between images of a stack due to cardiac and respiratory activity. As such the setup overcomes common difficulties associated with in vivo imaging of deep tissue in small anesthetized animals, and provides a powerful microscopy tool for every scientific field, which requires high spatiotemporal resolution in vivo imaging.
Using this method we observe that the loss of AChR from one-time labeled endplates results in a decrease of r-bgt-stained endplate area, supporting the observation that newly synthesized receptors are added to the periphery of endplates (15) . Therefore it is possibly to follow changes in AChR stability by quantifying endplate areas over time instead of fluorescence intensities, which are more prone to experimental variation.
We introduced the AChR γ -GFP/ γ -GFP earlier as a model organism for tracking developmental events, such as the γ-to-ε subunit and AChR conversion at the NMJ (15), which appears to proceed within hours in a fiber-type-specific manner. The in vivo analysis here shows that the stabilization of AChRs at individual endplates proceeds also unsynchronized among endplates of the same age and in the same muscle. Fiberspecific regulatory signals could modulate directly structural and/or functional properties of the AChRs. Since receptor stabilization, γ-to-ε subunit switch, and channel conversion occur postnatally it had been assumed that AChR subunit composition confers the metabolic properties of AChRs. To decide whether there is any correlation one needs to know the precise temporal occurrence of postnatal AChR stabilization, which has not been determined so far.
With our in vivo imaging method, using onetime non-saturating conditions, we have been able to determine the time point of transition from "instable" to "stabilized" endplate AChRs. The stabilization of AChR at the endplate started around P3 and increased dramatically between P6 and P8, when it was no longer possible to determine significant changes at NMJs within the 6 hours observation time. While this transition seems to coincide with AChR subunit and channel conversion, our results show that AChR subunit composition has no effect on receptor stability. We find that the ratio of embryonic to adult receptors at individual endplates does not correlate with the decreasing loss rates of endplate receptors. Accordingly, the stability of endplate receptors at P6 shows no significant difference comparing AChR γ -GFP/ The observed age-dependent change in AChR stability could result from a recycling pathway (11) . Factors such as Cdk5, c-Src, Rac1 and the actin cortex have been shown to participate in AChR turnover at the postsynaptic membrane (20) (21) (22) , and may also play a role in AChR recycling. Recently, myosin Va, an actin associated motor protein which is known for its docking factor activity in vesicular and organelle transport in neurons (23) (24) (25) , has been shown to co-localize with postsynaptic NMJ structures and its role in synaptic plasticity was elucidated (14) . The NMJs of myosin Va deficient dilute animals (26) are inconspicuous in early postnatal stages, but they continuously decrease in size after P8, until the morphology and the functionality of the endplate is abolished (14) , which leads to premature lethality around P21.
Our analysis of the dilute mouse line revealed that these animals fail to accumulate myosin Va at the synapse and also do not undergo further AChR stabilization after P4. It is therefore possible that myosin Va facilitates the recycling pathway as a capturing factor, which retains the vesicles containing internalized AChR in endplate's proximity and increases their probability of being reinserted into the synaptic membrane. In addition, myosin Va and other actin cortex proteins might reinforce the surfaceconnected compartments into which AChR are first sequestrated (22) . Taken together the results suggest that myosin Va activity contributes significantly to the developmentally-regulated recycling-induced stabilization of receptors during synaptic maturation.
Developmental stabilization of AChR involving a recycling process ensures stable and reliable neurotransmission at the expense of plasticity, which is needed to form musclespecific endplate structures (27) (28) (29) and allow endplate receptors to rapidly adapt to altered synaptic activity states, e.g., following pharmacological blockade by toxins or surgical denervation (11, 29, 30) . On the basis of these observations one might ask, why are receptors stabilized only after birth?
During embryonic development abundant AChR expression allows the establishment of correctly localized functional synapses. Dispersal of extrasynaptic receptors, changes in the transcriptional control of the receptor subunit genes, and channel conversion contribute to the functional and anatomical specialization of the synapses. Further refinement requires synaptic stabilization and is mediated by muscle-specific postnatal differentiation. This process may be called long-term potentiation, in analogy to changes observed in the CNS. A recycling pool of AChR could serve not only as a quality control check point, in which the decision for reinsertion of intact receptors, or possible degradation of damaged or toxin-inactivated receptors (e.g. by bungarotoxin or curare) is made but also how long receptors are kept recycling. The machinery for such a stabilization process may depend on the maturation of the synaptic actin cortex that is achieved gradually in early neonatal stages as the localized accumulation of integral components such as myosin Va increases.
A stabilized endplate does not require the receptor proteins to be expressed constantly at full capacity and the muscle cell can adjust synaptic strength by increasing receptor expression levels upon acute demand, such as in the case of neuronal signal impairment by denervation or botulinum toxin. Thus, the basally low supply of receptors creates a safety factor for synaptic transmission, allows modulations of synaptic strength and facilitates plasticity throughout adulthood. 
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